Introduction
Levitation melting is a technique based on the induction of eddy currents in a metallic sample by an alternating electromagnetic field. These eddy currents heat the sample inductively, producing electromagnetic forces at the same time. When the field is generated by a suitably shaped coil, the forces may attain a sufficient magnitude to levitate the specimen (Fig. 1) . Simultaneously, the metal droplet shape deforms, when molten, due to the "magnetic pressure". Additionally, stirring of the liquid metal occurs due to thermal gradients in the droplet (causing convection flows) and due to the rotational component of the levitation force. The main advantage of levitation melting is that the metal is molten without contact. The applications of this technique are based on this main advantage: measurement of thermophysical properties of liquid metals [1, 2] , elaboration of materials that require a high degree of purity [3] , processing of strongly reactive metals or alloys, and investigation of solidification of undercooled melts [4] . This paper verifies whether levitation melting can modelled in a reliable way using commercial finite element software [5] . A ferromagnetic material (cobalt) and a nonferromagnetic material (stainless steel) are studied. The levitation melting problem is approached using a coupled electromagnetic-thermal model. The results from the modelling are compared with measured results. The determination of the material parameters is formulated in section II. The construction of the finite element model is discussed in section III. In section IV and V, results of the numerical model are given, and compared with measurement results. Finally, some conclusions are given.
Material parameters
It is known that the accuracy of the results of a numerical model is strongly dependent on the accuracy of the material parameters. For a reliable way of modelling levitation melting, the accurate knowledge of the different material parameters as a function of temperature is indispensable. The relevant electromagnetical material parameters are the resistivity and the relative permeability. The different thermal material parameters are the mass density, the thermal conductivity, the specific heat capacity, and the emissivity. The emissivities of the different materials are measured using a pyrolaser. The material parameters for stainless steel [6] [7] [8] [9] [10] [11] [12] , copper (inductor material) [7, 9, 10, [13] [14] [15] [16] and cobalt [7, 10, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] ] as a function of temperature are found in literature.
Construction of numerical model
As explained in the introduction, induction melting is a multidisciplinary discipline. It is a combination of electromagnetism, heat transfer, deformation and fluid flow. In this approach, the fluid flow is neglected, and the deformation of the liquid metal droplet is taken into account by optically determining the shape of a droplet in regime.
The electromagnetical software is Infolytica's MagNet. In this package, the geometry of the studied coil is entered. It concerns a massive one winding coil. Because the inductor shape is complex, a 3D model is needed. The geometry of the levitated liquid droplet is entered as well. Since the position of the droplet is very important for the electromagnetic coupling between the inductor and the levitated load, this position is measured accurately. Electromagnetical results of this model are achieved by solving the model in the frequency domain, at the registered driving frequency. The thermal software is Infloytica's ThermNet. The coupling between MagNet and ThermNet is sequential. At the first time instant, the model is solved electromagnetically in MagNet. Then, the temperature change due to ohmic losses, conduction, convection and radiation over a time instant is being simulated in ThermNet. Due to the heating, the values of all material parameters change. This leads to a different electromagnetical situation. So, after each time step, the model is resolved electromagnetically. A schematic representation of the numerical model can be found in Fig. 2 .
Inductor without load
The most practical way of comparing numerical results with measurement results is considering the inductor without any charge.
The inductor is not meshed internally. This is because the skin depth in the copper is very small (< 0.1 mm at 550 kHz). An impedance boundary condition is applied to all the outer copper surfaces. The surface of the inductor is meshed small enough to take into account the current peaks due to the skin, proximity, end and edge effects.
In Table 1 , the measured and simulated dissipated powers in the inductor in regime are compared for two different generator load points (Va is generator triode voltage). The dissipated power is calculated by measuring the coil cooling water flow rate, and the temperature difference of the cooling water before and after the inductor. There is some difference between measurements and simulations, but considering all the assumptions in building the model, and the uncertainties of the several material parameters, the relative differences are acceptable. Moreover, the difference between the two measured cooling water temperatures is quite small. Because of this, the measured dissipated power is subject heavily to small errors on the temperature measurements. In Table 2 , the measured and simulated maximum temperature of the inductor in regime are compared for two different generator load points. The inductor temperature is measured with an infrared camera. The results fit quite well. Considering all the assumptions in building the model, and the uncertainties of the several material parameters, the relative differences are acceptable. In Fig. 3 , the measured heating profile of the hottest spot of the inductor is compared with the simulated heating profile of the hottest spot. The inductor heats up due to the ohmic losses. Due to the heating, the resistivity of the copper inductor increases. Since the load of busbars and inductor is mainly inductive, the current almost does not change at higher temperatures. So the dissipated power (~RI²) increases in time. After some time, the dissipated power due to ohmic losses balances with the power loss by radiation and natural convection. Both curves fit quite well. The start-up is different because in practice, the working point of the generator is adjusted with a potentiometer, which can not be set into the proper position without a delay of a few seconds. The value of the temperature in regime differs the same as described on Table 2 .
The regime temperature distribution of the inductor is given in Fig. 4 (measurement) and Fig. 5 (simulation) . The inductor is shown with an angle of about 45 degrees towards the horizontal and vertical plane. The current enters and leaves the inductor in the small vertical plates in the back, which are attached to busbars. The levitation itself occurs above the cylindrical hole in front. Both figures agree quite well. The highest temperatures occur in the region where the narrow airgap turns into the cylindrical hole. This is logical, because the current density is the highest at that location, because the inductor is small in that region, and because the heat can only diffuse through a relatively small amount of area of copper to the cooling channels. The intense heating of this area is being confirmed by the fact that in practice, the copper has vaporated in this area on regularly used inductors. The hot spot below the airgap on Fig. 4 is just an optical effect due to reflection. The major part of the inductor is at room temperature, because the current flows close to the airgaps, due to the skin and proximity effect. The high flow rate of water prevents the inductor from heating uniformly.
Inductor with loads a) Cobalt load
Above the cylindrical hole of the inductor, a cobalt droplet is entered in the 3D model, at the measured height in regime and with the measured shape of the droplet.
The droplet is not meshed internally. This is due to the fact that the skin depth in the copper is very small (< 20 µm at 550 kHz and relative permeability of 68). An impedance boundary condition is applied to the outer cobalt surfaces.
When approaching the Curie temperature in the simulations, the time steps need to be taken very small due to the sharp decrease of the relative permeability. Otherwise, the electromagnetical part of the model is still solved with the cobalt being ferromagnetic over a large time step, where in practice, the Curie point has already been reached. This can cause large numerical oscillations of the temperature over a few timesteps. With small timesteps around reaching the Curie temperature, this problem can be avoided. The regime temperature distribution is compared in Fig.  6 and Fig. 7 . The isotherms on Fig. 7 differ 20 °C from each other. It is difficult to compare both figures easily, because the infrared picture was taken over a certain angle, due to the drop position relative to the massive inductor. The maximum temperature differs 14%. This error can be explained in two ways. Firstly, the material parameters of pure cobalt are used, and the molten material is a cobalt alloy. This evidentially causes some error. Secondly, since the stirring of the metal is not modelled, some more error on the results is introduced. The temperature distributions correspond quite well.
The non-axisymmetrical aspect of the model can be seen in Fig 7. A higher temperature is reached at the lower right part of the droplet. This is due to the existence of the airgap (lower left part of the droplet). Above this airgap, the eddy current density in the droplet is lower. No transient aspects are compared, because the B-H curve of the cobalt alloy is not known. Since the permeability is very important for the speed of the heating, transient aspects can not be compared with measurements.
The levitation force acting on the cobalt drop was measured in regime: 18.93 mN. The levitation force derived from the numerical model is 17.83 mN. This is a difference of 6%. These results fit quite well, regarding the fact that the material parameters are not exactly known.
b) Stainless steel load
Above the cylindrical hole of the inductor, a stainless steel droplet is entered in the 3D model, at the measured height in regime levitation and with the measured shape of the droplet.
The droplet is meshed internally. This is because the skin depth in the stainless steel is not that small (about 0.6 mm at 550 kHz). The skin depth is meshed with three elements of first order. In Fig. 8 , the maximum and minimum temperature of the stainless load, resulting from simulations, are plotted in function of time. The green line is the melting temperature of the metal. The maximum temperature, located at the bottom of the droplet, quickly rises. The minimum temperature, located at the top of the droplet, has some delay before it starts to increase. This is due to the fact that power is only dissipated at the bottom of the droplet. It takes some time before the diffusion of the heat reaches the top of the droplet. According to the model, the metal melts between 18 and 19 seconds. In practice, melting times from 15 to 20 seconds are observed. These results fit very well. The maximum regime temperature of the stainless load is 2158°C. The temperature is measured in practice with a pyrometer: 2108°C. These results fit very well. The small difference can be explained by the neglection of the stirring of the metal in the modelling, and the error on the material parameters. Fig. 9 . Temperature distribution of levitated stainless steel drop Fig. 9 shows the temperature distribution in the stainless steel drop after 50 seconds (regime) resulting from simulations. The isotherms on Fig. 9 differ 20 °C from each other. This distribution can unfortunately not be compared with measurements, due to the temperature limit of the available infrared camera of 1500 °C. Like in Fig. 7 , a nonaxisymmetrical heating pattern can be seen. The gradient of temperature is way higher on a stainless droplet than on a cobalt droplet. This has two reasons. The first one is that the thermal conductivity of cobalt is higher than the thermal conductivity of stainless steel. The second reason is that the temperature of stainless is a lot higher than the temperature of cobalt. At this high temperature, the fraction of heat flux by radiation to the surroundings is way higher than the fraction of heat flux by conduction to the upper part of the droplet.
The transition from transient to regime behaviour in heat transfer is given by the Fourier number: The Fourier number is the diffusion depth reached at time t, divided by the total diffusion length. The transition point between transient and regime behaviour is given by a Fourier number of one, at which the material has heated completely. For a stainless steel droplet with these dimensions, the thermal transition point is at 28 seconds. Fig. 8 shows clearly that at about 28 seconds, the transient regime has passed. The simulations fit the theory well.
Conclusions and future research
In this paper, various simulated quantities have been validated for two different materials. It is clear that an electromagnetic-thermal model can describe levitation melting well, if these material parameters are well known. If the parameters are not known exactly, the differences between models and measurements can be significant.
It is also clear that the movement of the metal causes some error on the results. Currently, a numerical model is built with commercial finite element software [27] , in which electromagnetics, fluid flow and deformation are coupled. This is the object of further investigations.
